ABSTRACT. Cultivation of crops in soils with high salt (NaCl) content can affect plant development. We examined the morphological and physiological mechanisms of salt tolerance in tomato. The responses of 72 accessions of tomato (Solanum lycopersicum) to salinity were compared by measuring shoot and root lengths, and fresh shoot and root weights relative to those of controls (plants grown in normal salt levels). All traits were reduced at the seedling stage when salinity levels were increased. The accession x salinity interaction was significant for all traits. Root length had higher heritability than other traits and was used as a selection criterion to identify salt-tolerant and -non-tolerant accessions. On the basis of root length, accessions LA2661, CLN2498A, CLN1621L, BL1176, 6233, and 17870 were considered to be more tolerant than accessions 17902, LO2875 and LO4360. The degree of salt tolerance was checked by analyzing K + and Na + concentrations and K + /Na + ratio in tissues of plants treated with 10 and 15 dS/m salinity levels. Tolerance of these accessions to salinity was most associated with low accumulation of Na + and higher K + /Na + ratios.
INTRODUCTION
Salt stress is becoming a major challenge for agricultural productivity throughout the world (Rausch et al., 1996) . It is important in vegetable crops due to their cash value (Shannon and Grieve, 1999) . The term salt-affected soils refers to the areas that may be saline or sodic and constitute 6% of the total world land area. There are 45 million ha of irrigated areas that are salt-affected, and 32 million ha of dry land agriculture that are salt-affected (Munns, 2002) .
Conventional approaches and development of cultivars for saline soils are used to address the salinity problem. Physical, chemical and hydrological approaches are used to reclaim soils. However, many of these soils cannot be reclaimed due to economic reasons or lack of fresh water. The only possibility that seems feasible is the development of cultivars for salinity tolerance (Qureshi et al., 1990; Qureshi, 1993; Hollington, 1998) . Salt-tolerant plants may be developed through selection and breeding, but success depends on how much variation is present within crop species. Information has been reported on salt tolerance in tomato (Hassan et al., 1999; Shaaban et al., 2004) , wheat (Mano and Takeda, 2001; Saqib et al., 2002; Sarwar et al., 2003) , oats (Zhao et al., 2007) , corn (Cramer et al., 1994) , rice (Gain et al., 2004) , and cotton (Noor et al., 2001; Bhatti and Azhar, 2002) .
Variation can also be developed with mutagenic agents (Gottschalk, 1981; Forster, 2001) , tissue culture techniques and somaclonal technique (Larkin and Scowcroft, 1981) . By introgression, variation may also be generated with closely related species; interspecific crosses between domestic and wild relatives of tomato have overcome the limited variation of domestic tomato for salinity tolerance (Rush and Epstein, 1981; Tal and Shannon, 1983; Hassan et al., 1999) . Wild species may be used as a source of genes to improve traits of existing cultivars. It is a pre-requisite for a breeding procedure to obtain information about the inheritance pattern (qualitative or quantitative), number of genes with major effects, and type of gene action that controls salinity tolerance. The genetic studies reported on citrus root stock (Furr and Ream, 1969) , rice (Shannon et al., 1998) , Triticeae (Farooq and Azam, 2001; Xing et al., 2002) , cotton (Bhatti and Azhar, 2002) , grasses (Ashraf and McNeilly, 1988) , and lucerne (Al-Khatib et al., 1994) proved that salt tolerance is genetically controlled.
The objective of this study was to obtain information on the genetic mechanism that controls salinity tolerance in tomato, at early plant stages and at maturity. The plant material was analyzed for Na + and K + concentrations and K + /Na + ratio to determine the physiological mechanism affecting salinity tolerance in tomato. The information obtained here could be useful for the development of cultivars/hybrids suitable for crop cultivation under saline conditions.
MATERIAL AND METHODS
The study was carried out in sand culture. Ten seeds of each accession were sown in pots containing about 10 kg river sand. The traces of salts were removed by washing it first with tap water and then deionized distilled water four times. The experiment was arranged in a completely randomized design and consisting of three NaCl treatments, three replications and 72 tomato accessions. Plants were irrigated with 0.5 strength Hoagland's solution (Hoagland and Arnon, 1950) on alternate days.
At 12 days after sowing, salt treatments were applied. The NaCl treatments (10 and 15 dS/m) were applied in 0.5 strength Hoagland's solution. The solution was applied to the sand medium until saturation, and the excess solution was allowed to drain off. Control plants were irrigated with 0.5 Hoagland's solution. After three weeks, root and shoot lengths and fresh root and shoot weights of six seedlings of each accession in each replication were measured.
Relative values of 72 accessions were computed according to the following formula (Maas, 1986) :
Mean value of character in NaCl Relative salt tolerance = x 100 Mean value of a character in control
Physiological basis of salinity tolerance
Nine tomato accessions, namely LA2661, CLN2498A, CLN1621L, BL1176, 6233, and 17870 (most tolerant) and 17902, LO2875 and LO4360 (non-tolerant) were selected on the basis of relative root length data. The differing responses of salt tolerance of these nine accessions were retested by measuring Na + and K + concentrations. The seedlings were grown using the method described earlier.
Leaves from seedlings having the largest roots were obtained and stored separately in mistored separately in micro-tubes for one week in a deep freezer. The cell sap was extracted using the standard technique of centrifugation. The concentrations of Na + and K + were measured with a flame photometer, and the K + /Na + ratio was determined. Data were evaluated by analysis of variance. Mean square values for characteristics were compared.
Heritability (H 2 ) estimate for salt tolerance
Heritability was calculated using the formula of Falconer and MacKay (1996) to obtain estimates of broad-sense heritability (H Values were subjected to analysis of variance in SPSS (1994; v. 8.0 for Windows: Advanced Statistics) to determine the genotypic differences.
RESULTS
Analysis of variance results for relative salt tolerance (Table 1) exhibited highly significant genotypic differences for root and shoot lengths and fresh root and shoot weights. The two NaCl concentrations were also found to be significant at P ≤ 0.01. The accession x salinity interaction was highly significant for all the traits studied. Comparison of accessions on the basis of relative root length data (Table 2) showed the varying response of the accessions at 10 dS/m NaCl. The relative root lengths of accessions 17870, 6233, BL1176, CLN2498A, CLN1621L, and LA2661 were 73.9, 71.2, 70.6, 69.8, 64.9 , and 62%, respectively, whereas it was 26.8% for 17902 and 28.1 and 31.8% for LO4360 and LO2875, respectively, at 10 dS/m. Under 15 dS/m, accessions BL1176 (58.5%) and 6233 (53.8%) appeared to be less affected than LA2661 and CLN1621L. Accessions BL1176, 17870, 6233, CLN2498A, CLN1621L, and LA2661 with tolerance indices of 64.5, 63.8, 62.5, 61.3, 56.5 , and 53.6%, respectively, for root length with saline treatment, seemed to be the most tolerant accessions. On the other hand, 17902 (20.8%), LO4360 (21.7%) and LO2875 (24.4%) appeared to be the most sensitive to salinity. Other accessions showed low to moderate tolerance by producing root lengths ranging from 24.4 to 50.4% at the two salinity levels. d.f. = degrees of freedom. *, ** and ns indicate P ≤ 0.01, P ≤ 0.05 and non-significant, respectively. Regarding the shoot lengths (Table 2) , the accession LO4360 with a tolerance index of 32% at 10 dS/m appeared to be more sensitive than other lines; in contrast, CLN2498A, BL1176, 6233, and PECDINATO had the highest indices of tolerance at 72.2, 67.0, 64.2, and 63%, respectively. Accessions 17870, CLN2498A and 6233 with a tolerance index of 51.8, 51.5 and 51.5%, respectively, showed almost the same tolerance at 15 dS/m. Based on overall assessment of the accessions, CLN2498A, BL1176, LA2661, 6233, 17870, and CLN1621L, with mean values of 61.8, 61.5, 58.8, 57.8, 57.4, and 54 .8%, respectively, seemed to be the most tolerant, and LO4360, LO2875 and 17902, with a tolerance index of 25.6, 27.2 and 28.1%, respectively, appeared to be the most sensitive.
The differing responses of the accessions to NaCl salinity were also prominent for fresh root weight (Table 2) . At 10 dS/m, accession CLN2498-A, with the highest tolerance index of 69.6%, appeared to show the highest salt tolerance, followed by 6233, BL1176, LA2661, 17870, and CLN1621L, having 68.3, 67.3, 65.5, 64 .1, and 63.6% relative fresh root weight, respectively. At 10 dS/m, accessions LO2875, 17902 and LO4360, with 38.0, 38.0 and 44.3% relative fresh root weight, respectively, showed poor tolerance to salinity. At the higher salinity level, accessions LA2661, BL1176, CLN2418A, CLN2498A, 6233, and 17870, with relative fresh root weight of 58.5, 58.4, 57.5, 56.8, 56.8, and 56 .2%, respectively, appeared to be the most tolerant. Overall assessment again showed CLN2498A, BL1176, 6233, LA2661, 17870, and CLN1621L, with respective mean values of 63.2, 62.9, 62.6, 62.0, 60.1, and 59.3% salt tolerance index, as the most tolerant accessions. Accessions LO2875, 17902 and LO4360, with respective mean values of 33.7, 36.1 and 39.8%, seemed to be the most sensitive.
As far as relative fresh shoot weight is concerned (Table 2) , the accession LA2661 showed the highest tolerance index of 69.8% at 10 dS/m followed by BL1176, CLN1621L, 17870, CLN2498A, and 6233, with a range of 62.3 to 68.7% relative fresh shoot weight. At 10 dS/m, accessions LO2875, LO4360 and 17902, with respective relative fresh shoot weight of 32.0, 34.7 and 38%, showed poor tolerance to salinity. At 15 dS/m, accessions LA2661, BL1176, CLN1621L, CLN2498A, 6233, and 17870, with a range of relative fresh shoot weight from 51.4 to 58.7%, seemed to be the most tolerant. Overall, the accessions CLN2498A, BL1176, 6233, LA2661, 17870, and CLN1621L, with the highest salt tolerance indices, appeared to be the most tolerant accessions. While accessions LO2875, 17902 and LO4360, with the lowest salt tolerance indices, seemed to be the most sensitive.
Estimation of heritability (H 2 )
Under salinity stress of 10 and 15 dS/m, H 2 for relative root length was 68, and 63, respectively, while estimates of H 2 for relative shoot length were 57, and 62, respectively (Table 3) . Regarding fresh root weight, the estimates of H 2 were 41 and 46, respectively, while for fresh shoot weight, they were 0.55 and 0.62 with 10 and 15 dS/m, respectively (Table 4) 
Physiological analysis of accessions selected on the basis of root length
After a preliminary investigation, a new experiment including the six most tolerant (LA2661, CLN2498A, CLN1621L, BL1176, 6233, and 17870) and three least tolerant (17902, LO2875 and LO4360) accessions was designed to elucidate the mechanism of tolerance to increased salinity. In this experiment, the plant material was analyzed during early plant development for Na + and K + concentrations and K + /Na + to see whether or not we may use the root length as a selection criterion.
The mean squares for root lengths, Na + , K + , and K + /Na + ratio of the nine tomato accessions are given in Table 5 , which exhibited highly significant differences for root lengths, Na + , K + , and K + /Na + ratio measured between the accessions. Differences between the three salinity levels were also significant at P ≤ 0.01. Accession x salinity interaction was also found to be significant at P ≤ 0.01, suggesting that root length, K + and K + /Na + ratio were affected by the two elevated salinity levels. The interaction for Na + concentration was not significant. It was observed that BL1176, CLN2498A, 6233, 17870, CLN1621L, and LA2661, with longer roots, exhibited better salt tolerance, while LO4360, 17902 and LO2875, with shorter root length, seemed to be less tolerant (Table 6 ). Table 6 . Mean values of relative root length, K + and Na + concentrations and K + /Na + ratio of six tolerant and three non-tolerant accessions.
The comparison of accessions on the basis of Na + concentration showed that accessions LA2661, CLN2498A, CLN1621L, BL1176, 17870, and 6233 had the lowest levels, while LO4360, LO2875 and 17902 accumulated more Na + . Regarding potassium levels, the accessions BL1176, CLN1621L, CLN2498A, 6233, 17870, and LA2661 had the highest K + concentrations. In contrast, 17902, LO2875 and LO4360 had the lowest levels. With regard Genetic variability of NaCl tolerance in tomato to K + /Na + ratio, the accessions BL1176, CLN1621L, CLN2498A, 6233, 17870, and LA2661 accumulated more K + than Na + . The K + /Na + ratio in these accessions was higher as compared to the accessions 17902, LO2875 and LO4360. On the basis of relative root length, accessions LA2661, CLN2498A, CLN1621L, BL1176, 17870, and 6233 appeared to be more tolerant, whereas 17902, LO2875 and LO4360 with the smallest root lengths may be considered non-tolerant.
DISCUSSION
The experiment was conducted to measure the genetic variation for salt tolerance among tomato accessions on the basis of root and shoot lengths and fresh root and shoot weights. There are many scientists who have used these traits to assess response to salinity (Leim et al., 1985; McNeilly, 1999, 2000; Akinci et al., 2004) , and the sand culture technique employed in this study has also been used by many researchers to study salinity tolerance in tomato (Vespasiani et al., 1995) , wheat (Qureshi et al., 1990; Khan et al., 2003) and rice (Aslam et al., 1993) .
Relative values (Maas, 1986) were used to compare the responses of different tomato accessions. The results showed a decrease in growth parameters of tomato plants with increase in salinity level. It was also observed that the tomato accessions showed varying responses to different levels of salinity. The results reported by Aknci et al. (2004) , Muralia and Sastry (1994) , Salam et al. (1999) , Sastry and Sharma (2000) , and Khan et al. (2003) are in agreement with the present studies.
The data (Table 2) indicated that among the four traits studied root length was affected the most by salt stress. Similar results have been reported by Levitt (1980) , Okusanya and Ungar (1984) , Noor et al. (2001), and Bottger (1978) . They observed that under severe stress the production of cytokinins ceases, which ultimately affects root growth. This is why many scientists use root length as the selection criterion for salt tolerance, for example sorghum McNeilly, 1989, 2001 ) and wheat (Ashraf and McNeilly, 1988) .
It was noted that the root of BL1176 was short in control growth with a mean tolerance index of 64%, while the accessions PECDINATO and LO2752 with longer root lengths in control growth exhibited a tolerance index of 27 and 39%, respectively. The accession 17860 was also a slow-growing accession in non-saline conditions, but it showed a tolerance index of 37 and 17% under low and high salinity levels, respectively. This behavior of the lines shows that there is no clear relationship between plant growth without salt stress and plant vigor under salinity, and these results are not in agreement with the results reported by Shannon and McCreight, (1984) , but the results were supported by Rosielle and Hamblin (1981) .
Based on root length data, six accessions, namely LA2661, CLN2498A, CLN1621L, BL1176, 6233, and 17870, were considered to be tolerant and three others, namely 17902, LO2875 and LO4360, to be non-tolerant to salinity. These nine accessions were used for further studies. The estimates of H 2 showed that root length exhibited the highest broad-sense heritability of all the traits studied. Similar study had been reported in cotton (Azhar and Ahmad, 2000; Noor et al., 2001 ) and wheat (Ali et al., 2002) . Overall, salinity stress reduces all the growth parameters, and this reduction was greater at the higher salinity level. Salinity stress may also reduce plant growth due to water shortage, ion toxicity, ion imbalance, or a combination of any of these factors. McNeilly (1990) , Flowers and Yeo (1995) , Munns et al. (1995) , and Rodriguez et al. (1997) have reported similar results.
The nine accessions exhibited significant differences for root length, and also for Na + and K + levels and K + /Na + . The tolerant accessions, LA2661, CLN2498A, CLN1621L,
